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Multiproton final states in positive pion absorption below the D„1232… resonance
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Inclusive cross sections for positive pion absorption leading to final states including two or more protons
have been measured with a large solid angle detector for incident pion energies from 30 to 135 MeV for targets
with A52 –208. The mass dependences for the inclusive (p1,2p), (p1,3p), and total absorption cross
sections for multiproton final states were found to be proportional toAn with n'0.5. These cross sections also
were observed to have an energy dependence at energies below 150 MeV reflective of the importance of the
D(1232) resonance, similar to that observed forpd→pp. The inclusive cross sections for (p1,4p) were
found to be less than 10 mb for all targets at all energies. Estimates were also obtained for cross sections for
pion absorption leading to 2p1n and 3p1n final states. Quasideuteron absorption contributions increase slowly
with A, and the energy dependence of those contributions mirrors that forpd→pp. The data obtained here for
multiproton final states indicate that a significant fraction of absorption events, increasing withA, most likely
arises from final states containing fewer than two protons.

PACS number~s!: 25.80.Ls, 25.80.Hp
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I. INTRODUCTION

Pion absorption has been the subject of numerous stu
throughout the periodic table for a range of pion energ
below, above, and at the energy of theD(1232) resonance
As detailed in several recent reviews of the topic@1–3#, this
process represents an important component of pion-nuc
reactions, accounting for not less than one-tenth of the t
pion-nucleus cross section at energies below 500 MeV.

Until very recently, definitive measurements of the re
tive strengths of the different multinucleon final states
nuclei with A.2 did not exist because these previous m
surements typically were limited in solid angle coverage.
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general, early experiments~for example, Burgeret al. @4#!
determined total absorption cross sections by extrapola
differential cross sections from small solid angle detec
measurements. These extrapolated measurements hinte
the absorption process was not limited to two-nucleon
quasideuteron absorption~QDA!, but also included multi-
nucleon absorption processes that accounted for at least
for the absorption cross section in nuclei withA.6. How-
ever, because of the limited solid angle coverage of th
initial studies, the estimates were ambiguous, and the rela
strengths of different absorption mechanisms were left un
termined. Hence, although a large amount of data exists
the total pion absorption cross sections, there are few d
that allow the determination of the individual components
the absorption process.

Recently, larger solid angle detectors have begun to
vestigate the relative strengths of the different multinucle
reaction mechanisms in pion absorption for pion energ
above and at resonance@5–23#. In very light nuclei such as
6Li @5,6,14,17# and the helium isotopes@12,13,15,18,19#
these large solid angle coverage studies have been espe
successful, helped in part because of the relatively sm
number of possible final states allowed for modeling. W
these newer studies, progress has been made in refining
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knowledge of the mechanisms involved in pion absorption
well as the role of initial and final state interactions in t
process. For instance, the helium isotope stud
@12,13,15,18,19# suggest that three-particle final states refl
QDA with initial state interactions as well as a distribution
the energy and momentum for the three nucleons reflec
of phase space.

However, a thorough systematic study of the energy
mass dependences has yet to be done below reson
While there have been measurements of pion absorp
cross sections for energies below the peak of theD(1232)
resonance, those studies have left large gaps in the en
and nuclear mass dependences. With respect to impro
understanding of the absorption process, these gaps a
concern since the mean free path of the pion changes m
edly with increasing pion energy below theD(1232) reso-
nance.

We report here a study of positive pion absorption bel
theD(1232) resonance with incident pion energy steps of
MeV using a good sampling of the periodic table. The m
surements, performed with the BGO Ball, a large~30/32 of
4p sr! solid angle detector, yield the mass and energy
pendences of several multiproton final states, and prov
estimates of the proportion of the total absorption cross s
tion due to QDA at incident pion energies below t
D(1232) resonance. By comparison with measured total p
absorption cross sections, observations concerning the
of final states with fewer than two protons can be made.

II. EXPERIMENT

The BGO Ball detector has been described elsewh
@5–8,10,11,24#; we review here the salient details for th
experiment. The BGO Ball assembly consists of an array
30 detector elements subtending a solid angle of appr
mately 30/32 of 4p sr. Each detector element consists o
plastic scintillator~providing an energy lossdE measure-
ment! optically and physically coupled to a bismuth ge
manate~BGO! crystal~providing a total remaining energyE
measurement!. A single photomultiplier tube views eac
phoswich assembly. Each element is placed on 1 of 30 s
of a 32-sided truncated icosahedron. Two opposing faces
left open for passage of the beam and for introduction
target holders and beam monitor counters within a cavity
the interior of the Ball.

The experiment was performed in the Clinton P. And
son Meson Physics Facility~LAMPF! Low Energy Pion
Channel@25#. Incident positive pion energies of 30, 45, 6
75, 90, 120, and 135 MeV were used for primary data c
lection for all targets.~Additional data at 55 MeV were take
for 12C.! Using the momentum slits of the channel, bea
intensities were adjusted to maintain acceptable singles r
in the BGO Ball detector elements and beam monitor
devices described below. This generally resulted in p
beams with fluxes of less than 104 pions/s.

The pion beam passed through a lead collimator with
aperture 1 cm in diameter before passing through a ‘‘be
halo veto’’ scintillator positioned approximately 25 cm
front of the entrance port of the BGO Ball. This beam ha
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veto was a square piece of plastic scintillator 10 cm on a s
and approximately 0.6 cm thick, subtending a solid angle
less than 1.5% of 4p sr with respect to the center of th
BGO Ball detector. Inside the BGO Ball cavity, a 5-mm
square, 0.25-mm-thick ‘‘target counter’’ scintillator wa
placed just upstream in front of the target. The pion be
incident on the target was defined as an anticoincidence
tween the target counter and the beam halo veto. While
ticles could travel upstream from the target, miss the BG
Ball, and strike the beam halo counter, causing a false v
the small solid angle subtended rendered the effects of s
false vetoes insignificant.

Downstream of the BGO Ball array was a CsI crys
detector assembly, described in detail elsewhere@26#. Peri-
odic sampling of the particles incident on the central C
detector of this downstream array in anticoincidence with
the detectors in the BGO Ball allowed sampling of the be
composition to determine the pion fraction of the beam. T
method of determining the pion fraction directly by ener
loss particle identification is different from previous BG
Ball studies where the pion fraction was determined by ti
of flight through the channel for the incident pion beam.

Nine target materials were used for the measurements
scribed here: deuterated polyethylene,6Li, 12C, 27Al, 58Ni,
and 208Pb. This set of solid targets was chosen to encomp
a broad range of atomic mass with materials which are sta
over the duration of the experiment in an ambient air en
ronment, though the 6Li target was enclosed in a
25-mm-thick layer of Teflon to protect the lithium meta
from oxidation. The atomic masses for the target mater
increase in steps of approximately a factor of 2 from deu
rium to lead, providing a reasonably smooth coverage
atomic massA. Thickness uncertainties were less than 5
for all targets used in this experiment.

Two separate deuterated polyethylene targets were u
with thicknesses of 194 and 440 mg/cm2. The deuterium
content in these deuterated polyethylene targets prov
both an absolute normalization for beam flux using the be
monitor counters and an energy calibration for the BG
crystals using thep1d→pp reaction. Thesep1d→pp mea-
surements were made frequently during the data runs at
energy, including just before and immediately after targ
changes, to monitor any changes in beam content or dete
function and to provide corrections for those changes. Ab
lute normalization was accomplished using the results o
parametrization of thep1d→pp cross section results@27#.

The 6Li, 12C, 27Al, and 58Ni targets had thicknesses o
230, 279, 204, and 290 mg/cm2, respectively. Two different
208Pb targets were used, with thicknesses of 206 a
618 mg/cm2. The different thicknesses for the deuteriu
and lead targets permitted comparisons of variation of ev
trigger rates and results obtained for the highest and low
masses; no significant variation was observed.

The targets were positioned at the center of the BGO B
cavity perpendicular to the incident pion beam and touch
the target counter noted above. Positioning of the tar
within the BGO Ball interior cavity was accomplished b
attaching each target to a paper tube mounted atop a ho
polyethylene shell. This thin polyethylene shell was in t
5-2
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MULTIPROTON FINAL STATES IN POSITIVE PION . . . PHYSICAL REVIEW C61 054615
shape of the missing downstream element of the trunc
icosahedron. An ‘‘empty’’ target, formed by a paper tu
and polyethylene shell identical to the normal target hold
without any target material attached, was used to determ
backgrounds related to the target holder assembly and ta
counter so that those contributions could be subtracted.

The hardware trigger for events for which results are
ported here required two or more elements in the BGO B
array hit by particles in coincidence with a valid beam
target event as described above and in anticoincidence
any hit in the central detector of the downstream array.
the hits in the BGO Ball could arise from the passage of a
charged particles, neutrons, or gammas into the array,
ticle identification was required in order to ascertain the fi
state giving rise to the event trigger.

Particle identification and coincidence spectra with
lected multiplicities were determined from the BGO Ball u
ing E-dE spectra. The anode signals from the photomu
plier tubes on the BGO Ball array were time sliced
provide bothdE ~fast gated, 70–100 ns! andE ~slow-gated,
500–600 ns! signals from the plastic scintillator and BG
crystals, respectively. A typical calibratedE-dE spectrum
for an incident pion energy ofTp560 MeV is displayed in
Fig. 1. Protons, pions, deuterons, and neutrals~either neu-
trons or gammas! have clearly distinct bands, as seen in t
figure, resulting in reliable particle identification. The prot
multiplicity was established by counting the number of p
tons detected in the BGO Ball. In this manner two-, thre
and four-proton inclusive coincidence spectra were m
sured.

Contributions from the polyethylene shell holding the ta
get material were removed by subtracting a properly norm
ized spectrum obtained with the empty target shell at
same energy.

Typical resulting summed proton energy spectra forp
and 3p events are illustrated by Figs. 2–6. These spectra

FIG. 1. Energy-calibrated pulse heights for the plastic scinti
tor (dE) versus the BGO scintillator (E) obtained by summing ove
all 30 counters for a data run on a12C target at 60 MeV. Bands fo
the major particle types are identified. Compare with Fig. 1 in R
@11#.
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generated directly from absorption events using the trig
conditions, particle identification, and energy calibrations
scribed above and, thus, are the most direct observat
made in this series of measurements. Other than remova
empty target contributions, these spectra have none of

-

f.

FIG. 2. Observed summed proton energy histograms for6Li at
Tp575 MeV. ~a! 3p spectrum.~b! 2p spectrum.~c! Summed en-
ergy spectrum given in~b! with events selected using ‘‘back-to
back’’ criteria discussed in Sec. IV C.

FIG. 3. Observed summed proton spectra for12C at Tp

575 MeV. ~a!, ~b!, and~c! are as in Fig. 2.
5-3
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R. A. GIANELLI et al. PHYSICAL REVIEW C 61 054615
corrections described in subsequent sections applied to th
Both the 2p and 3p summed proton energy spectra are se
to be similar to previously published spectra for these sa
nuclei @5–8,10,11,14,16,17,20,21#.

The cross sections reported here are based only on ev

FIG. 4. Observed summed proton spectra for27Al at Tp

575 MeV. ~a!, ~b!, and~c! are as in Fig. 2.

FIG. 5. Observed summed proton spectra for58Ni at Tp

575 MeV. ~a!, ~b!, and~c! are as in Fig. 2.
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where two or more protons were detected and there wa
other detected particle. The large solid angle coverage all
rejection of most charged pions, but there is still the pos
bility that a pion can be missed for some reason. The c
tamination for missing a charged pion can be estimated fr
the (p1,p1pp) cross section. In addition, neutral pions m
be observed from the two-gamma decay of thep0. The con-
tamination from missing a neutral pion can be estima
from the observed (p1,pp two neutral! cross section. Be-
cause the detection probability for high-energy photons
quite high ~close to 100%! compared to neutrons~25% for
100 to 200 MeV neutrons and falling to zero for lower e
ergy neutrons!, most two neutral events are due top0 de-
cays.

In each case we find the observed cross section to be
than 1% of the total 2p cross section, indicating an insignifi
cant contamination level from unabsorbed pions. This is
expected. The total energy required to remove two prot
from the nucleus and give both at least 15 MeV for detect
is about 60 MeV, which is kinematically impossible at th
lower energies and unlikely at the highest energy of 1
MeV. There is also no evident enhancement of the cr
sections in the missing energy spectrum for the region wh
nonabsorption is possible, i.e., missing energies greater
165 MeV.

Events in which two protons with sufficient energy
guarantee that the pion was absorbed were seen in co
dence with one or more neutrals, which are assumed to
primarily neutrons. The fraction of such events was small
expected from the low neutron detection efficiency of t
BGO crystals. Because the neutron detection efficiency
strongly energy dependent, the energy spectrum of the n

FIG. 6. Observed summed proton spectra for208Pb at Tp

575 MeV. ~a!, ~b!, and~c! are as in Fig. 2.
5-4
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MULTIPROTON FINAL STATES IN POSITIVE PION . . . PHYSICAL REVIEW C61 054615
trons is not known, and the efficiency is not very we
known, efficiency-corrected neutron yields would be insu
ciently accurate to be of use. Thus, the analysis prese
here is based solely on the energy information provided
the protons. The presence of neutrons in the final state
inferred from the results of the simulations of the observ
proton energy spectra, as described below. As noted ab
events where any neutral was detected were omitted f
analysis.

While deuteron particle identification was clear, the es
mated corrections for reaction losses for final states cont
ing deuterons following pion absorption were very sensit
to details of target materials and interactions in the BGO B
elements. The resulting corrections possessed sufficient
biguity that cross sections for such final states could not
determined without very large uncertainties. Thus, cross
tions for final states containing deuterons are not repo
here. All events containing deuterons detected in the B
Ball were excluded from the analysis presented here.

III. DEFINITION OF CROSS SECTIONS

The large number of cross sections presented in this w
require categorization for clarity. Cross sections can be
egorized according to which type~s! of analyses were per
formed. Here we outline the procedures used for extrac
the categories of cross sections.

~a! Cross sections determined directly from the summ
proton energy spectra observed with the BGO Ball are ca
observed cross sectionssobs. Observed cross sectionssobs
thus represent the most basic of the cross section mea
ments undertaken here. Eachsobs was calculated by normal
izing the observed summed proton energy spectra to the
number of incident pions and the target areal density for
specific event trigger multiplicity selected, such as 2p or 3p.
Eachsobs necessarily contains strength from higher prot
multiplicity absorption events due to undetected protons.

~b! Using the event trigger described above, observed
clusive spectra for a given proton multiplicity~e.g., two pro-
tons! can include events with higher proton multiplicity~e.g.,
three or more protons! if the additional protons are not de
tected. Thus, the higher-proton-multiplicity final states co
taminate the observed spectra for lower multiplicity eve
due to undetected protons in the latter spectra. These
taminations may be modeled and removed as described
low. Cross sections for a given multiplicity which have h
contamination due to higher-multiplicity events removed
ing the Monte Carlo simulations described below are
ferred to asreduced cross sections. For example, the reduce
2p inclusive cross sections result from events in which t
and only two protons are in the final state, with no pion
deuteron but any number of neutrons in the final state.

~c! Some protons are missed due to inefficiencies of
experimental setup. For example, the BGO Ball misses
proximately ~2/32! of the 4p sr solid angle due to beam
entrance and exit holes. Additionally, the nickel support c
subtend about 5% of the~30/32! of 4p sr covered by the
BGO Ball. At all energies, final state protons lose energy d
to nuclear reactions within the BGO detector elements an
05461
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scattering out of the crystals into the nickel support ca
This spreading of the proton band in thedE vs E plots can
result in misidentification of protons. Also, protons, after e
ergy losses within the target material, must have energie
at least 10 MeV or so to surmount the BGO Ball detecti
threshold.~This 10 MeV threshold is mainly due to the 0.05
mm-thick nickel window of the support cans.! Cross sections
corrected for these inefficiencies utilizing the Monte Ca
phase space simulations of the BGO Ball response are ca
corrected cross sections.

~d! The combination of all three analyses described in~a!,
~b!, and~c! results in theinclusive cross sections, wherein a
particular number of protons in the final state, accompan
by any number of neutrons but no detected pion or deute
is selected. The 2p, 3p, and 4p inclusive cross sections ar
labeleds2p, s3p, ands4p, respectively.

~e! Observed corrected cross sectionssobs,corr , derived
from analyses~a! and ~c!, have been corrected for missin
solid angle, etc., but have not had contributions subtrac
due to higher multiplicity events using the Monte Carlo pr
cedures described below. These cross sections are thu
affected by any assumptions inherent in the simulations o
than those required to correct for missing solid angle a
reaction losses.

~f! With analyses~a!–~c! and the phase space simulatio
described below, it was also possible to estimate exclus
cross sections for 2p1n and 3p1n final states, denotedsexcl

2p1n

andsexcl
3p1n , respectively.

~g! The sum of the inclusive cross sections for a giv
target/energy combination provides a total cross section
pion absorption leading to multiproton final states for th
target/energy combination. These are denoted assmp.

~h! QDA cross section estimatessQDA had a different
data reduction procedure explained in more detail below

IV. ANALYSIS TECHNIQUES FOR SUMMED PROTON
SPECTRA

A. Phase space simulations

Because BGO Ball measurements cannot determine
true final state nucleon multiplicity of every event owing
the inefficiencies and limitations described above, a Mo
Carlo simulation of the BGO Ball’s ability to differentiat
between the different multinucleon final state spectra w
used to analyze the data. The simulations model the e
geometry of the BGO Ball, target thicknesses, react
losses, neutron detection efficiency, and the proton detec
threshold. Details are given in Refs.@5# and @24#. These
simulations enabled decomposition of the observed inclus
(p1,2p) and (p1,3p) cross sections for each target at ea
energy into reduced two- and three-proton cross section

The Monte Carlo simulations assumed that each pion
sorption involving more than two nucleons took place on
quasifree nucleon cluster within the target nucleus, wh
then decayed according to the phase space~less the binding
energy of the cluster! available to the multinucleon fina
states. This approach was used previously in unfolding m
sured spectra taken with the BGO Ball, and gives a reas
5-5
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able description of the observed inclusive spectra. As fo
in previous BGO Ball studies, any excitation energy assum
for the residual nucleus has only insignificant effects on
momentum and energy sharing, so excitations of the resi
nucleus were ignored in the simulations here.

For the purposes of simulating the response of the B
Ball to neutrons, procedures similar to those used in previ
BGO Ball studies were used@5,6,11#. Neutrons with energies
less than 30 MeV were assumed to be undetectable. For
trons with energies greater than 100 MeV a constant 2
detection probability was assumed, with a linear interpo
tion used within the 30–100 MeV range.

Nearly 1500 phase space distributions for pion absorp
on nucleon clusters for each of the target nuclei at each
cident pion energy were generated. Final states simul
included the BGO Ball response for 2p0n, 2p1n, 2p2n,
3p0n, 3p1n, 3p2n, 3p3n, and 4p0n. The output of these
simulations predicted the BGO response in terms of the
served 4p, 3p, and 2p inclusive spectra and angular distr
butions. For example, the simulation generated a given t
number of 3p1n final state events. For each 3p1n event
generated, tests were made on each of the particles to d
mine if the event would be detected by the BGO Ball as ap
event~where the BGO Ball did not detect the neutron! or a
2p event~where the BGO Ball did not detect the neutron a
one of the protons!. These simulated 2p and 3p distributions
from 3p1n events were then fitted to the respective obser
2p and 3p inclusive spectra simultaneously with other po
sible final states.

When fitting the simulated multinucleon 2pxn and 3pxn
phase space distributions~wherex is the number of neutron
emitted! to the measured 3p and 2p spectra, no unique so
lution for the combinations of the various final states w
obvious, as a number of combinations were found to fit
observed spectra equally well. This ambiguity has be
noted previously with respect to analyses of BGO Ball d
~for example, Ref.@5#!. However, the fits to the summe
proton spectra are dominated by the contributions from fi
states with four or fewer nucleons, and, in particular, dom
nated by the 2p1n and 3p1n contributions. Most of the
ambiguity in the fits lies in the degree to which the sm
strength which remains after the final states with four
fewer nucleons have been stripped away is apportione
each of the higher multiplicity final states.

For each combination tried, the multinucleon portion
the higher-energy part of the spectra could not be fitted w
out a substantial contribution from (p1,2p1n) and
(p1,3p1n) final states. The size of these two contributio
resulted in generally unambiguous estimates of th
strength. This permitted the determination of cross secti
for exclusive absorption processes leading to only two p
tons, only two protons and one neutron, and only three p
tons and one neutron; these were extracted from the obse
inclusive proton spectra, based on the strengths found in
simulations. At the same time, because of the overwhelm
predominance of the 2p1n and 3p1n final states, the reduc
tion of the higher residual nucleus excitation energy regi
of the spectra~which corresponds to lower summed prot
energy! into specific final states with more than one neutr
05461
d
d
e
al

O
s

u-
%
-

n
n-
ed

b-

al

ter-

d
-

s
e
n
a

l
i-

l
r
to

f
-

ir
s
-
-
ed

he
g

s

was not possible without considerable ambiguity. That
sidual strength was generally relatively small.

4p inclusive cross sections were measured, but no dec
position of those very small cross sections to specific exc
sive final states was possible due to low statistics.

B. Deconvolution of inclusive spectra

The procedure for unfolding the measured spectra at e
energy and for each target proceeded in the following m
ner. The observed 3p summed spectra were fitted first, an
as noted above, those spectra were generally dominate
3p1n contributions. This fit to the observed 3p summed
spectra consequentlyfixed the number of 3p and 3p1n
events which could be present in the observed 2p summed
spectra. The 4p contributions to the 2p and 3p distributions
were fixed using the simulated response of the BGO Bal
a 4p0n final state and the observed 4p cross sections.

When fitting the observed 2p summed spectra, the tota
number of particles in each of the 2pxn simulated was a free
parameter. The 2p1n contribution dominated the 2p spectra
for all but 6Li. The 2p0n phase space distribution fit wa
performed on the spectra below 100 MeV excitation ene
because the higher multiplicity phase space distributions c
not reach the higher summed proton energy region due to
necessity of providing the extra separation energy for
additional nucleon. Furthermore, past BGO Ball results@11#
indicate the the summed 2p spectra below 30–75 MeV ex
citation energy is dominated by QDA resulting in only 2p
final states.

The resulting fits are illustrated in Figs. 7–11. Agai
there is some ambiguity in the relative importance of con
butions from final states representing absorption on five
more nucleons, but those contributions are small.

Except for 208Pb, the second largest contribution to ea
observed 2p summed spectrum was the 3p1n phase space
In the 208Pb spectra, a sizable fraction of the events was
the low summed proton energy region. Hence, a consider
amount of 2p2n and 2p3n phase space was needed to a
count for that part of the spectrum. Although the phase sp
fits to these regions are ambiguous, the strength at
summed proton energy could be evidence for contributi
from final states with more than four protons.

C. QDA strength estimates

A long-standing question in the study of pion absorpti
concerns the importance of quasideuteron absorpt
Though defined variously in the literature, the kinematic
signature of QDA for positive pions is generally agreed to
the emission of two protons with equal and opposite m
menta in the center-of-mass system~which we will call
‘‘back-to-back’’ henceforth! as if the process had occurre
on a proton-neutron cluster. A further restriction usually a
plied is that the angular distribution of the outgoing proto
be proportional to cos2(uc.m.) as in the free process. Absorp
tion on quasideuterons deeply bound in the nucleus or
sorption on a quasideuteron following excitation of t
nucleus can result in QDA strength which follows th
5-6
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FIG. 7. Observed summed proton energy histograms with ph
space simulations for6Li at Tp575 MeV. The phase space con
tributions are 3p ~denoted by dash-dotted line!, 3p1n ~dotted line!,
and 2p1n ~long dashed line!. The solid lines represent the sums
the phase space distributions.~a! 3p spectrum.~b! 2p spectrum.~c!
Summed energy spectrum given in~b! with events selected usin
‘‘back-to-back’’ criteria discussed in Sec. IV C.

FIG. 8. Same as Fig. 7 for12C atTp575 MeV. ~a!, ~b!, and~c!
are as in Fig. 7.
05461
se FIG. 9. Same as Fig. 7 for27Al at Tp575 MeV. An additional
phase space contribution from 3p2n is indicated by the thin solid
line at lower summed proton energy.~a!, ~b!, and ~c! are as in
Fig. 7.

FIG. 10. Same as Fig. 7 for58Ni at Tp575 MeV. An addi-
tional phase space contribution from 3p2n is indicated by the thin
solid line at lower summed proton energy as in Fig. 9.~a!, ~b!, and
~c! are as in Fig. 7.
5-7
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R. A. GIANELLI et al. PHYSICAL REVIEW C 61 054615
cos2(uc.m.) angular distribution but yields lower summe
proton energy than in the case for ground state absorpti

We have modeled the presence of these two QDA co
ponents in our data in the following fashion. First, back-
back tests were put on the two proton event data: hi
grammed events were restricted to those events wit
coincidence between a proton detected in one detector
another proton detected in one of the seven or eight con
positioned detectors. The contraposition criterion was
fined by the kinematics of the freep1d→pp reaction less
the binding energy of the deuteron to the target nucle
After fitting the phase space distributions to the full acce
tance spectra as outlined in the previous section, the p
space distributions were regenerated with this same bac
back restriction. These back-to-back distributions are see
the lower portions of Figs. 2–6; the corresponding ph
space distributions, with similar restrictions, are shown in
lower portions of Figs. 7–11

Next, the full angular acceptance of the BGO Ball w
broken up to develop coarse angular distributions for
back-to-back events in the summed proton energy spe
The full detector complement of the ball can be broken i
‘‘rings,’’ where each ring includes those crystals distribut
in an azimuthal ring about an axis running along the incid
pion beam through the BGO Ball; crystals in a ring thus f
along a common scattering angle. The back-to-back spe
from each ring of BGO Ball counters for27Al and 58Ni at 75
MeV, typical of this analysis for other nuclei, are illustrate
in the upper portions of Figs. 12 and 13. Also shown in tho
same figures are the phase space distributions sorted

FIG. 11. Same as Fig. 7 for208Pb atTp575 MeV. An addi-
tional phase space contribution from 3p2n is indicated by the thin
solid line at lower summed proton energy as in Figs. 9 and 10.~a!,
~b!, and~c! are as in Fig. 7.
05461
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these rings using the same back-to-back and scattering a
requirements placed on the data.

The observed back-to-back angular distributions th
were assumed to be made up of three components. On
the components was designated ‘‘unperturbed QDA,’’
which two protons were emitted with a summed proton e
ergy in excess of that feasible for two nucleons result
from a three-nucleon phase space distribution in which
nucleon was undetected. This component should have an
gular distribution proportional to cos2(uc.m.), where the
center-of-mass kinematics is appropriate for a deuteron b
removed from the target nucleus. This unperturbed Q
contribution can be seen, for instance, in the bottom porti
of Figs. 7–13 for summed proton energies above the 2p1n
phase space prediction. A second QDA component was
ignated ‘‘2p1n QDA’’; this component was that portion o
the observed proton yield which followed the cos2(uc.m.)
behavior of unperturbed QDA but fell in the region dom
nated by the 2p1n phase space yield. The cross sections
these two components are designated bys2p

QDA and s2p1n
QDA ,

respectively.

FIG. 12. Angular dependence of observed summed proton
ergy spectrum for27Al at Tp575 MeV with back-to-back cut im-
posed. The back-to-back cut is described in Sec. IV C. Also sho
are the phase space distributions of Fig. 9, with the same bac
back cut imposed scaled as discussed in the text. Spectra are s
for mean laboratory scattering angles of 37.3°, 63.6°, 79.
100.9°, 116.4°, and 142.7°. The lower portion of each panel
plays the spectrum for the particular scattering angle with the ph
space contributions shown in the upper section of each figure
malized and removed as discussed in the text.

FIG. 13. Same as Fig. 12 for58Ni at Tp575 MeV using phase
space distributions shown in Fig. 10.
5-8
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MULTIPROTON FINAL STATES IN POSITIVE PION . . . PHYSICAL REVIEW C61 054615
The third component assumed was the contribution du
processes other than QDA. The phase space distribut
were used in modeling this component. The angular distri
tions generated from the phase space distributions were fi
to the higher excitation portions of the summed proton
ergy data with the back-to-back tests for each row. Th
adjusted phase space distributions were then subtracted
the data. The adjustments of the phase space distribution
the various rows were subject to the constraint that the t
yield from all rows was fixed by the phase space fits to
full angular acceptance, such as those shown in Figs. 7
for 75 MeV. Typically, the phase space distributions
quired enhancements by factors of 1.5–2 in the forw
angles and reductions by factors of 0.6–0.8 in rows 3 an
~near 90°). These enhancements at forward angles an
ductions at back angles are suggestive of the modification
phase space discussed by Smithet al. for 3He and by@28#
and Simičević and Mateos@29# for the general case of ab
sorption involving three nucleons, but are smaller in mag
tude than found in those works.

Finally, cross sections were then calculated from
strengths of the unperturbed QDA and 2p1n QDA contribu-
tions to these fits by correcting the observed yield for mi
ing solid angle and reaction losses, giving the cross sect
s2p

QDA ands2p1n
QDA . Typical angular distributions forsQDA are

shown in Fig. 14. The sum ofs2p
QDA ands2p1n

QDA was assumed
to estimate the total contribution due to QDA, denot
sQDA.

V. RESULTS

The inclusive pion absorption cross sections for vario
final states determined in this work using the techniques
scribed above are given in Tables I and II. Statistical unc
tainties for the inclusive 2p cross sectionss2p range from a
maximum of 8% for the 45 MeV data to below 4% for a
other inclusive 2p cross sections listed in Tables I and
Propagation of systematic uncertainties, including norm
ization uncertainty, yield uncertainties ranging from abo
10–20% with the majority of cross sections having less th
15%. Conservatively, then, the absolute uncertainties ma
assumed to be less than 25% for thes2p cross sections.

In Fig. 15 the inclusive 2p cross sectionss2p from Table
II are plotted. The figure includes previous BGO results
2p cross sections atTp550, 100, and 150 MeV correcte
for contributions from higher multiplicity events. The cro
sections shown in Fig. 15, with their associated uncertaint
were fitted to an exponential mass dependences(Tp)3An

with an underlying smooth energy dependence. The ex
nentn for this mass dependence was determined to be 0
60.02, with a x2 per degree of freedom of 1.4. This
roughly consistent with the mass dependence ofA0.4 found
by Favieret al. @30# for the (p1,2p) inclusive reaction at 76
MeV. The rise with energy for these 2p cross sections is
somewhat steeper than that seen forp1d→pp, suggesting
roles for components of the absorption reaction process o
than QDA. The mass dependence for the totalp1 absorption
reaction measured by Asheryet al. @31# was An with 0.75
<n<1.0, considerably higher than the 2p inclusive mea-
05461
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surements reported here. Since, as will be seen below, thp
component of the multiproton final states dominates
cross sections at these energies, this discrepancy poin
underlying missing strength in the cross sections measu
here, as discussed below.

Figure 16 illustrates the energy and mass dependenc
the 3p inclusive cross sectionss3p listed in Table II. Again,
the figure includes previous BGO results for 3p cross sec-
tions at Tp550, 100, and 150 MeV, with the assumptio
that proton multiplicities above 3 contribute negligibly to th
3p inclusive cross sections; this assumption will be justifi
below. Statistical uncertainties for these 3p inclusive cross
sections range from a maximum of 27% for the 45 MeV a
17% for the 30 MeV lead data to below 6% for all other 3p
inclusive cross sections. Propagation of systematic er
yield overall uncertainties ranging from 15% to 44% with t
majority having values less than 20%. A conservative e
mate of the uncertainties for the data is 25%, except for
45 MeV data where the uncertainties are around 45%.

These inclusive (p1,3p) cross sections increase by fa
tors of about 10–40 for the energy range studied here.
exponential mass dependenceAn of these cross sections wa
determined in the same way noted above for the 2p data to
be n50.4760.03, with ax2 per degree of freedom of 1.6
This fit includes the results of Ransomeet al. @5,6,8# at 50,
100, and 150 MeV, with the exception of the 3p inclusive
lead cross sections which increased thex2 to 2.2.

FIG. 14. QDA differential cross sections and fit for QDA 2p
strength in27Al and 58Ni at Tp575 MeV, as detailed in the text
Uncertainties shown represent estimates for normalization un
tainty and statistical uncertainty.
5-9
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R. A. GIANELLI et al. PHYSICAL REVIEW C 61 054615
Although the 4p summed spectra were not empty, the
data are presented with a cautionary note. The obse
(p1,4p) cross sections have values less than 1 mb and h
uncertainties ranging from 50% to 100%, results consis
with previous BGO Ball results at 50, 100, 150, and 2
MeV @8#, which reported that the 4p total cross sections
were less than 0.5 mb even for the 200 MeV pions. T
excitation functions for the 4p inclusive cross sections ar
displayed in Fig. 17. Systematically, these cross secti
show an increase with pion energy and an increase with
spect to nuclear mass, but all are much smaller than thep
cross sections, usually by a factor of 20 or more. Thus,
contributions of these 4p cross sections to the 3p inclusive
cross sections from earlier BGO Ball work noted above@8#,

TABLE I. Observed cross sectionssobs
2p , sobs

3p , andsobs,corr
3p ,

as described in Sec. III. All cross sections are in mb. Uncertain
are discussed in the text.

Nucleus Tp(MeV) sobs
2p sobs

3p / sobs,corr
3p

6Li 30 17 0.30 / 0.78
45 18 0.40 / 2.3
60 20 1.1 / 2.5
75 38 1.3 / 2.3
90 57 2.7 / 4.9
120 73 2.5 / 8.3
135 122 3.2 / 17

12C 30 23 0.28 / 0.72
45 36 0.45 / 2.1
55 43 1.5 / 3.3
60 56 1.8 / 4.2
75 72 2.2 / 4.4
90 100 3.5 / 7.6
120 144 4.9 / 17
135 170 5.5 / 32

27Al 30 38 0.51 / 1.4
45 45 1.4 / 6.7
60 68 3.6 / 8.4
75 109 3.9 / 8.3
90 155 7.5 / 17
120 215 8.5 / 30
135 250 6.3 / 46

58Ni 30 42 0.71 / 1.9
45 84 1.7 / 10
60 94 6.2 / 14
75 160 5.7 / 11
90 196 8.8 / 19
120 293 13 / 47
135 338 9.8 / 71

208Pb 30 78 2.2 / 5.8
45 90 2.0 / 9.8
60 127 7.8 / 16
75 244 8.7 / 16
90 277 10 / 22
120 360 16 / 56
135 407 24 / 65
05461
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when corrected for detection thresholds, missing solid an
etc., are negligible.

Total multiproton absorption cross sectionssmp were de-
termined by adding the inclusive 2p, 3p, and 4p cross sec-
tions and assuming that higher proton multiplicities are
significant. These absorption cross sections do not incl
contributions from final states which include detected deu
ons or inclusive single proton final states. The total multip
ton pion absorption cross sections inferred are shown in
18. The uncertainties in these cross sections are essen
those for the inclusive 2p cross sections; i.e., the uncertai
ties range from 10% to 20% with the majority of value
having uncertainties less than 15%. A conservative estim
for the uncertainties for these total absorption cross sect
leading to multiproton final states is 25%.

Again an exponential mass dependence was found
these total multiproton pion absorption cross sections, us
An with n50.4660.02 with a x2 per degree of freedom
equal to 1.3. The previous BGO Ball results at 50, 100, a
150 MeV of Ransomeet al. @8# as noted above were als
included in these fits and are consistent with the current
sults. The energy dependence reflects the general domin
of the 2p inclusive reactions for the region below resonan
This behavior also most likely reflects the underlying impa
of the D(1232) resonance, just as is seen for the reac
p1d→pp. However, it is seen in the figures that, in a
cases, the rise with energy in the multiproton cross secti
is greater than in the case ofp1d→pp.

Utilizing the phase space calculations, exclusi
(p1,2p1n) and (p1,3p1n) cross sections were estimate
These reduced and corrected cross sections are liste
Table II. The uncertainties ranged between 15% and 20%
the (p1,2p1n) cross sections and between 20% and 25%
the (p1,3p1n) cross sections.

Unperturbed QDA cross sections are given in Table
Statistical uncertainties in these cross sections are less
10%. The overall uncertainties in these estimated cross
tions are on the order of 20%. Thes2p1n

QDA cross sections are
also presented in Table III. As a result of the assumptio
made in determining these cross sections, their uncertain
are on the order of 30%. Total QDA absorption cross s
tions estimatessQDA were derived from the sum of column
3 and 4 in Table III and are listed in the last column. The
sQDA cross sections are plotted in Fig. 19. The trend of th
cross sections is very similar to that of the freep1d→pp
cross sections, which are also plotted in Fig. 19 for comp
son. The statistical uncertainties in these total cross sect
were less than 10% and propagation of systematic er
yield uncertainties of less than 40%.

VI. DISCUSSION

A. Comparisons with previous BGO Ball and LADS
measurements

The results of the earlier BGO experiments@5,6,8# for the
targets discussed here are consistent with the measurem
reported here, with the inclusion of effects for the 25 Me
threshold used in those measurements. The earlier data

s
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TABLE II. Cross sections~in mb! for pion absorption leading to
different multiproton final states as described in Sec. III. Uncerta
ties are as discussed in the text. Previous BGO Ball results f
Ref. @8# are given for 50, 100, and 150 MeV for comparison, a
justed as noted in the text.

Nucleus Tp ~MeV! s2p sexcl
2p1n s3p sexcl

3p1n s4p smp

6Li 30 16 1.7 0.78 0.61 0 17
45 14 2.3 0 16
50 24 1.9 26
60 18 1.5 2.1 1.7 0.4 20
75 36 2.1 2.2 1.7 0.1 38
90 50 7.5 4.7 3.1 0.2 55

100 44 9.3 53
120 61 7.0 7.9 5.9 0.4 69
135 96 8.8 16 11 1 113
150 52 14 66

12C 12 22 6.4 0.70 0.65 0 23
45 33 2.1 0 35
50 45 3.1 48
55 39 3.1 2.6 0.1 42
60 50 31 3.7 3.4 0.2 54
75 67 21 4.4 3.3 0.1 71
90 90 41 7.2 6.0 0.2 97

100 88 10 98
120 121 37 16 12 0.6 138
135 128 33 29 13 2.0 159
150 92 21 113

27Al 30 36 14 1.4 1.1 0 37
45 36 6.4 0 42
50 63 2.8 66
60 58 17 8.0 4.6 0.3 66
75 98 23 8.0 7.9 0.2 106
90 134 94 15 12 0.9 150

100 101 9.9 111
120 172 92 29 20 1 202
135 187 115 42 30 3 232

58Ni 30 40 16 1.9 0.97 0 42
45 70 10 0 80
50 83 4.2 87
60 77 33 13 7.5 0.5 90
75 146 47 11 6.9 0.5 157
90 171 51 18 14 1 190

100 200 19 220
120 230 124 43 33 2 275
135 243 124 66 49 4 313
150 235 43 278

208Pb 30 71 24 5.7 4.0 0 77
45 77 9.8 0 87
50 111 3.0 114
60 109 40 15 13 0.8 125
75 228 73 14 12 1 243
90 249 100 21 18 1 271

100 259 11 270
120 290 116 42 35 10 342
135 315 62 55 38 7 377
150 322 30 352
05461
MeV appear to be higher than the current measurement
perhaps 10–20 %, but this difference lies within the unc
tainties of the two measurements.

In an exercise to test the effect of a 25 MeV proton d
tection threshold on the proton spectra measured here,
data from the experiment were replayed with a software g
which simulated an additional 15 MeV applied to the thres
old for any measured proton for theTp590 MeV data. The
resulting measured 3p spectrum was reduced by a factor
1.9. Monte Carlo simulations of this same threshold eff
yielded a factor of 1.7, in good agreement with the results
the test data and yielding cross sections in agreement
those measured here.

Both these measurements and those of Ransomeet al.
@5,6,8# below resonance show the same systematic beha
for the 3p inclusive cross sections, a sharp rise with ene

-
m
-

FIG. 15. Inclusive (p1,2p) cross sectionss2p determined in
this work. Also shown are the results of Ref.@8# for 50, 100, and
150 MeV corrected for higher multiplicity contributions. Resul
measured here for deuterium are shown for comparison. Uncer
ties are shown for the6Li and 208Pb data; in general, uncertaintie
are less than 25%.

FIG. 16. Inclusive (p1,3p) cross sectionss3p determined in
this work. Also shown are the results of Ref.@8# for 50, 100, and
150 MeV. In general, uncertainties are less than 25%.
5-11
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R. A. GIANELLI et al. PHYSICAL REVIEW C 61 054615
roughly equivalent to that seen for the 2p inclusive cross
sections. In the region fromTp5200 to 500 MeV studied by
Joneset al. @11#, however, the increase is less marked. T
3p cross sections become nearly constant for12C and in-
crease from a factor of about 2 for58Ni to a factor of about
4 for 208Pb. At the highest energies, the 3p cross sections are
about 35% of the 2p cross sections. Thus, throughout t
energy range from 30 to 500 MeV, the 3p cross sections rise
in importance relative to the 2p cross sections quite gradu
ally, from 10–15 % of the 2p cross sections in the regio
studied here to about twice that fraction at 500 MeV.

The LADS Collaboration has also performed a series
systematic studies on nuclei heavier than helium@32#. Those
measurements have been broken down into cross section
individual final states similar to those reported here. Co
parisons with those results are given in Tables IV and V. T

FIG. 17. Inclusive (p1,4p) cross sectionss4p determined in
this work. Contributions from final states with five or more proto
are assumed negligible. Also shown are the results of Ref.@8# for
50, 100, and 150 MeV. Uncertainties are discussed in the text.

FIG. 18. Total cross sections for pion absorption resulting
two or more protons in the final statesmp as inferred from the data
shown in Figs. 15, 16, and 17.
05461
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TABLE III. Estimated QDA cross sections in mb, with unce
tainties as discused in the text. Unperturbed QDA cross sect
s2p

QDA and the additional QDA strengths2p1n
QDA are described in

Sec. IV. Estimated total QDA cross sectionssQDA are listed in
column 5.

Nucleus Tp(MeV) s2p
QDA s2p1n

QDA sQDA

6Li 30 13 0.30 13
60 16 0.88 17
75 24 4.7 29
90 34 1.8 36

120 41 3.6 45
135 58 14 72

12C 30 9.1 3.1 12
60 27 6.6 34
75 24 7.9 32
90 34 4.9 39

120 39 6.2 45
135 40 4.8 45

27Al 30 7.7 7.6 15
60 11 12 23
75 17 32 49
90 21 8.6 30

120 16 33 48
58Ni 30 18 6.2 25

60 17 17 34
75 20 29 48
90 26 24 50

120 27 12 39
135 28 27 55

208Pb 30 16 12 30
60 17 16 33
75 22 25 47
90 27 27 53

135 46 18 64

FIG. 19. Total cross section estimates for quasideuteron p
absorptionsQDA as discussed in the text.
5-12
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MULTIPROTON FINAL STATES IN POSITIVE PION . . . PHYSICAL REVIEW C61 054615
LADS results given in@32# have not been corrected for de
tector threshold or acceptance. Since the LADS detector
tends over 95% of the total solid angle@33#, primarily the
threshold corrections are of concern; those will increase
cross sections reported for LADS somewhat. Nonethel
such corrections are probably smaller than the uncertain
in the cross sections measured here and compared in T
IV and V.

Because single charged particle and deuteron final st
were not measured here, those contributions are estimate
discussed in the next section. For those cross sections
which final states are reported here, the agreement betw
these two sets of measurements using very different te
niques is reasonably good. Estimates used here for si
proton and deuteronic final states are also in reason
agreement with the LADS results.

B. Comparison with total absorption cross sections

There are considerable differences between the total m
tiproton final state cross sectionssmp measured here an

TABLE IV. Results from this work for12C at 120 MeV com-
pared with results from LADS@32# for 14N at 118 MeV. Cross
sections are in mb with uncertainties in parentheses. Estimate
single proton and deuteronic final states for this work are discus
in Sec. VI B.

Cross section 12C 14N
component ~present work! ~LADS!

2p1n 37~7! 28~3!

2p inclusive 121~30! 103~6!

3p1n 12~3! 5~1!

3p inclusive 16~4! 17~1!

4p 0.6~3! 0.7~1!

Multiproton 138~30! 121~6!

No proton 2~est! —
Single proton 34~est! 41~4!

Deuteron 31~est! 21~2!

Total 205~50! ~est! 182~10!

TABLE V. Results from this work for27Al and 58Ni at 120
MeV compared to with results from LADS@32# for 40Ar at 118
MeV, as in Table IV.

Cross section 27Al 40Ar 58Ni
component ~this work! ~LADS! ~this work!

2p1n 92~18! 69~6! 124~24!

2p inclusive 172~43! 194~12! 230~58!

3p1n 20~5! 7~1! 33~8!

3p inclusive 29~7! 25~2! 43~11!

4p 1.0~5! 0.8~2! 2~1!

Multiproton 202~44! 220~12! 275~59!

No proton 10~est! — 24 ~est!
Single proton 85~est! 133~11! 156 ~est!
Deuteron 52~est! 42~4! 80 ~est!
Total 350~90! ~est! 393~21! 540~135! ~est!
05461
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earlier measurements of the total pion absorption cross
tion sabs @31,34,35#. This discrepancy can be seen in Tab
VI, where the comparison is made for pion energies at a
above 75 MeV. While thesmp reported here for the lightes
nuclei are in rough agreement withsabs, smp becomes pro-
gressively lower thansabs with increasingA. A similar dis-
agreement was seen in the earlier BGO Ball work@5,6#. Fur-
ther, as noted above, the total multiproton emiss
absorption cross sections have a smaller mass depend
A0.46 than earlier estimates ofA0.7 @31# for the total absorp-
tion cross sections.

The reason for this discrepancy may be attributed to t
portion of the total absorption cross section which does
involve multiproton final states. As noted earlier, measu
ments with deuterons in the final state could not be correc
for reaction and target losses with precision. Previous m
surements@8,9,11,36# suggest that deuteron final states co
prise from 10% to 25% of the total pion absorption cro
section for these energies, with the average being roug
15%. For the present discussion, we assume that 15% o
cross section is attributable to deuterium final states. Furt
more, in this work, contributions due to single-proton or n
proton final states were not measured. Such states ma
due to nucleon rescattering following pion absorption
which a proton transfers sufficient energy to a neutron s
that the proton falls below the detection threshold or does
emerge at all from the nucleus. Such medium effects are
included in the Monte Carlo simulations described above

for
ed

TABLE VI. Estimated total absorption cross sectionssest as
discussed in Sec. VI B compared with total absorption cross s
tionssabs from previous measurements. Thesmp are from Table II.
Also given are estimates of the zero-protons0p, single-protons1p,
and deuteronic final statesd contributions as discussed in Se
VI B. Pion kinetic energyTp is in MeV. Cross sections are in mb
with uncertainties given in parentheses.

Nucleus Tp smp s0p s1p sd sest sabs

12C 90 97 2 29 23 150~40! 109~20!a

120 138 2 34 31 205~50! 166~26!a

27Al 75 106 8 63 31 210~50! 260~52!b

90 150 10 80 42 280~70! 282~56!b

252~40!a

120 202 10 85 52 350~90! 256~52!b

340~50!a

58Ni 75 157 23 124 54 360~90! 521~104!b

90 190 23 132 61 410~100! 552~110!b

421~70!a

120 275 24 156 80 540~135! 552~110!b

527~74!a

208Pb 75 243 133 388 135 900~225! 970~185!b

90 271 133 392 140 940~235! 1047~210!b

1659~655!a

120 342 122 394 151 1010~250! 1045~210!b

1235~230!b

aReference@31#.
bReference@34#.
5-13
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When these contributions are taken into consideration,
total absorption cross sections could be substantially dif
ent from the total multiproton final state absorption cro
sections. The difference seen here, then, argues strongly
in addition to the contribution due to deuteronic final stat
a contribution to the pion absorption process is present wh
results in one or no proton in the final state with one or m
neutrons, and that this process grows in importance w
mass. Indeed, such a single proton contribution is seen in
LADS results shown in Tables IV and V, accounting f
approximately one-fifth of the cross section in nitrogen a
one-third that of argon at 118 MeV. For carbon, the bub
chamber work of Bellotti, Cavalli, and Matteuzzi@36# at 130
MeV also found that roughly 12% of the pion absorpti
cross section resulted in a single-charged-particle track a
estimating the background due to charge exchange.

To estimate this missing contribution for our data, w
have used the following approach. The quasioptical mode
Vicente Vacas and Oset@37# describes pion absorptio
through 2NA and 3NA and includes the effects of nucleo
propagation through the nuclear medium. Final states m
eled by this approach include (p,N),(p,2N), and (p,3N),
and the results reported in Ref.@37# provide a remarkably
good description of the final state decompositions. Howe
the model does not explicitly account for some of the fe
tures of the absorption process, such as energy los
breakup of the residual nucleus into larger fragments, e
tation of the residual nucleus, or the separation energy of
outgoing nucleons.

We have incorporated the Vicente Vacas–Oset model
a simulation of the BGO Ball response to pion absorption
the various target and energy combinations measured in
work. By incorporating this model into such a simulation, t
predictions of the model for the relative strengths of vario
final states and the shape of the summed proton energy
tributions can be compared with the results found here.
unmodified model was found to overestimate the ratio
two- to three-proton final states, and yielded summed pro
energy spectra qualitatively different from those observ
here. However, with the addition of an empirical 20–
MeV energy loss per nucleon to account for some of
omissions in the model noted above, and ignoring th
nucleons whose energy fell below the energy loss
nucleon threshold, the model gave a reasonable estima
the two- to three-proton cross section ratios. For instance
modified model yielded two- to three-proton ratios with
about 20% of those observed for Ar at 118 MeV by LAD
Furthermore, the modified model yielded good qualitat
agreement with the observed summed proton energy spe

The resulting total absorption cross section estima
based on the measurements made here incorporating
missing strength and a 15% deuteron contribution are gi
in Tables IV–VI. The uncertainties on the missing streng
and deuteron contribution are estimated to be on the orde
20%. The predictions for the cross sections for sing
charged-particle final states and deuteronic final states
nuclei studied here are in excellent systematic agreem
with the measurements obtained by the LADS Collaborat
for nitrogen and argon@32#. The predicted contribution o
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about 16% for single proton final states in12C at 120 MeV is
similar to the 12% result noted above from Bellotti, Cava
and Matteuzzi@36# and the 20% result seen in Table IV from
the LADS data for14N. Furthermore, it is seen in Table V
that these additional contributions when added to the mu
proton pion absorption cross sections measured here res
estimated total absorption cross sections from this work g
erally in agreement with those measured by Asheryet al.
@31# and Nakaiet al. @34#.

We note that our estimates are systematically somew
lower than the Asheryet al. measurements for Ni and Pb. A
similar discrepancy was noted in Ref.@32#, which suggested
all of the total absorption cross sections reported in Ash
et al. are perhaps 25% too large. Reference@32# has noted
that part of this discrepancy may be due to the underesti
tion of the single-charge-exchange~SCX! contribution in the
earlier work, as a comparison between Refs.@31# and @38#
indicates. Using the newer SCX values lowers the Ash
et al. total cross sections by about 10% and brings them
better agreement with the results from the results of Na
et al., the LADS results, and those estimated here.

As noted previously@8#, the earlier BGO Ball results at 50
MeV are very low compared with the results of Navonet al.
@35# and Nakaiet al. @34#. Since this energy lies below th
applicability of the Vicente Vacas–Oset model, no firm co
clusion as to whether this discrepancy might be attributa
to the single-proton channel can be made. However, the g
eral agreement seen in the comparisons at higher energy
gests that some of the discrepancy might be be due to s
an explanation.

While the Vicente Vacas–Oset formalism is not app
cable to nuclei as light as6Li, the total absorption cross
sections for6Li are most likely identical to the multiproton
cross sections measured in this work since the contribu
from single charged particle emission was found to be o
about 10% in the case for12C.

The general agreement found in these comparisons
vides a confirmation of the validity of the optical model
Vicente Vacas and Oset, and adds support to the data
sented here. The agreement illustrated in Tables IV–VI s
gests that, at the highest energies measured here, the c
bution to the pion absorption cross section from final sta
with fewer than two protons increases from about one-te
of the cross section in12C to about one-third in nickel, to
about one-half of the cross section for208Pb. The variation
in the contribution from such final states could be attrib
able toNN interactions within the larger nuclei and the ne
tron excess of the larger mass nuclei. This variation in
relative strength of final states with fewer than two proto
might also be couched in terms of initial and final state
teractions during the pion absorption process, but the ang
resolution of the BGO Ball here and the limited statisti
when the data are broken up into rings are not sufficien
clarify this issue.

C. Role of quasideuteron absorption

The results of this work provide some insight into th
mass and energy dependences of the QDA process. Wit
5-14
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considering initial state interactions~ISIs! and final state in-
teractions ~FSIs!, the estimated total contribution~unper-
turbed and 2p1n) from QDA in the light nucleus6Li domi-
nates the multiproton final state pion absorption cr
section, going from around 100% at 30 MeV down to a
proximately 65% at 135 MeV. In the heavier nuclei, ho
ever, the total contribution from QDA is less significan
QDA accounts for between 40% and 60% at 30 MeV a
down to between 15% and 25% in nuclei from lead to c
bon, respectively, with QDA decreasing in importance w
increasing nuclear mass.

Several works have estimated QDA cross sections,
the results found here are in general agreement with th
despite the markedly different methods and models assu
in each case. In12C, Yokota et al. @39# determined what
would correspond to the unperturbed QDA contribution m
sured here to be on the order of 15 mb at 70 MeV using th
(p1,pp) data, lower than the values obtained here
within uncertainties. At 130 MeV, the same work obtain
16 mb, about half of that determined here. However,
Yokota et al. work used a two-Gaussian deconvolution pr
cedure for the angular distributions which most likely und
estimates the true QDA cross section. This assessmen
ceives support from the more recent work by Huberet al.
@20#. Those authors have estimated QDA cross section
100 MeV for 12C, and the results found here are in gene
agreement with those. The cross section most closely rel
to the unperturbed QDA cross section measured here
their two-nucleon absorption result, labeled as‘‘2NA*’’ in
their paper, found to be about 29 mb, while the correspo
ing unperturbed QDA cross section measured here a
MeV was 34 mb. Their‘‘2NA-like’’ cross section is mos
comparable tosQDA here; their result at 100 MeV was 3
mb, while the result here was 39 mb. This agreement, des
various approaches used, indicates the degree to which
kinematical constraints imposed resemble each other
provide some confirmation for the robustness of the e
mates.

Several studies have been performed below resonanc
16O aimed at identifying the importance of QDA@9,40–43#.
Comparisons with those results can be made using the re
for 12C reported here. If a total pion absorption cross sect
for 12C at 60 MeV is estimated by the addition of 15% of t
cross section for deuteronic final states and about 10%
1pX contributions, the ratio of the total QDA cross secti
obtained here to the total pion absorption cross section a
MeV is about 50%, in agreement with the large accepta
detector result of (5565)% reported in Ref.@9#. The same
ratio for the observed QDA cross section at 120 MeV for o
12C data would be about 25%, nearly the same as the
proximately 30% observed~i.e., without estimated final stat
interaction corrections! in Refs. @42,43# for 115 MeV, and
roughly consistent with the value of (38610)% found in
Ref. @40# for the same energy using similar equipment b
different assumptions about extrapolations to unmeasure
gions of phase space. Considering the very different te
niques used, the agreement is quite good.

An estimate of the effective number of quasideutero
participating in the absorption processnD can be made using
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the QDA cross section estimates obtained here and the
p1d→pp reaction cross section. The ratios are roughly co
stant with energy for each nucleus, suggesting that the ef
tive number of quasideuterons also remains approxima
constant with energy for each nucleus. The averages ove
energies for each nucleus were 3.761.2, 3.960.8, 4.0
61.2, 4.961.0, and 5.760.6 for 6Li, 12C, 27Al, 58Ni, and
208Pb, respectively.

For 6Li, Zhang @44# calculatednD53.8 as the total num-
ber of possible quasideuterons which could exist based
1s-2p shell model configurations coupled to the deuter
angular momentum and isospin. That number agrees with
average found here for6Li. The nD values determined by
Yokotaet al. @39# using their (p1,pp) data for 6Li and 12C
are considerably lower than the estimates found here, a
probably due to the deconvolution process used, but also
to the restriction of their estimate to what would be unp
turbed QDA here. Their values fornD using the (p1,p)
channel, on the other hand, are about a factor of 2 hig
than the values reported here. If their (p1,pp) and (p1,p)
values fornD are viewed as lower and upper limits, respe
tively, the values found here fall into that range. While H
ber et al. did not reportnD values, the agreement of comp
rable cross sections in this work with theirs sugge
comparable values ofnD .

Not surprisingly, the average effective number of qua
deuterons grows with increasing massA, suggestive of the
greater likelihood of finding quasideuterons in the heav
nuclei. This growth, however, is markedly less than might
expected by simple statistical estimates of the possible n
ber of quasideuterons. Some of this difference, particula
in the largest nuclei, is likely due to shadowing, though so
portion may simply be due to the effects of FSI obscuring
QDA signature used here.

D. 2p1n and 3p1n strength in positive pion absorption

The summed proton energy spectra give considerable
dence for the presence of two-proton final states contain
one or more neutrons. While in light nuclei the lower-ener
region of the summed proton spectra is dominated by 2p1n
contributions, in heavier nuclei a 2p2n contribution is sug-
gested by the phase space simulations. As noted above,
is considerable ambiguity in ascertaining the strength
neutron multiplicities above 1, and only 2p1n exclusive re-
sults are reported here. However, as suggested in Refs@8#
and @11#, the low summed proton energy region for hea
nuclei likely contains contributions from 2p2n final states
and from final states with higher neutron multiplicities.

Curiously, recent measurements@21# on 12C using the
CHAOS spectrometer@45# found no 2p1n strength whatso-
ever above resonance. While their spectra are very simila
those in previous BGO Ball studies@8# and qualitatively
similar to those obtained here, their simulations indica
that the region determined to contain 2p1n strength here and
in Ref. @8# was instead due to contributions from the 3p
inclusive yield in which one of the protons was missed. T
inference was based on extrapolating their observedp
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yields to their observed 2p measurements in a manner sim
lar to that performed here.

Since the present measurements cover almost 90% o
available solid angle versus about 10% in the case
CHAOS, the uncertainties associated with extrapolating
3p measurements to reduce the observed 2p spectra are con
siderably less for the present work. In particular, the extra
lation to noncoplanar events is very sensitive to the mo
chosen to generate those events. The greater solid angle
tended here would better ascertain the full strength of c
tributions involving three or more nucleons than the mo
limited coverage available in CHAOS and, thus, provide
ditional support to the inference of 2p1n strength made here

As noted above, the 3p1n contributions dominate the ob
served 3p summed proton energy spectra. While t
CHAOS measurements@21# are at energies considerab
above the present work, some comparisons can be exam
for the strength of the 3p1n contribution. The CHAOS mea
surements yield a cross section for four nucleons partici
ing in the pion absorption process of around 25 mb. Si
the 3p inclusive cross sections continue to rise by abou
factor of 2 between the highest energy studied here~135
MeV! and 200 MeV~above which the 3p cross section re-
mains roughly constant@11#!, their results would be roughly
consistent with scaling the results obtained here forsexcl

3p1n

cross section, 13 mb, by the same factor of two.
At these lower energies the 3p1n phase space is th

dominant contribution to the cross sections when more t
two protons are detected in the BGO Ball. The results h
indicate this component increases rapidly with energy. Si
larly, Joneset al. @11# have also reported that the importan
of the 3p phase space distributions increases even mor
higher energies. Magnitudes of the12C(p1,3p1n) total
cross sections measured here are comparable to the m
tudes of cross sections for the4He(p1,3p1n) reaction mea-
sured by Balestra,et al. @46#. Those values were 11 mb an
12 mb at 120 MeV and 145 MeV, respectively. Recent m
surements of three nucleon pion absorption cross section
3He and 4He @18# are somewhat smaller than the results
Balestraet al. Thus, the 3,4He and 12C measurements re
ported elsewhere suggest that the magnitude of the 3p1n
contribution increases withA as seen here.

VII. CONCLUSIONS

In conclusion, a thorough systematic study of the ene
and mass dependence of pion absorption leading to tw
more protons in the final state for energies below resona
has been made with a large solid angle detector, provid
the first detailed study of important inclusive components
, N
, B
e,
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the reaction mechanism. With respect to the mass dep
dence for pion absorption, the results obtained here indic
the cross sections for energies below theD(1232) resonance
are dominated by the inclusive (p1,2p) channel. The mass
dependence for that channel is described quite well byA0.49,
or approximatelyAA, as was the mass dependence for
cross sections for inclusive (p1,3p).

The energy dependence for the (p1,2p) cross sections is
somewhat steeper than that observed forp1d→pp, suggest-
ing the presence of components other than QDA for t
channel. The energy dependence of the cross sections
inclusive (p1,3p) and (p1,4p) rises by over an order o
magnitude in the energy range studied. Nonetheless, thep
cross sections are approximately 10–20 % of the 2p cross
sections throughout the energy region studied here.

Comparisons of these results with past BGO Ball a
LADS results show good agreement. The mass depend
of the 2p inclusive cross sections determined here is a
consistent with the results of Favieret al. at 165 MeV@30#.
However, the cross sections of Favieret al. and those mea-
sured here do not include contributions from single pro
final states. When such states are simulated with the Vice
Vacas–Oset optical model formalism@37# and folded into
the measurements made here along with an additional
tribution of 15% for deuteronic final states, the total cro
section estimates obtained are consistent with previous m
surements@31,34,35#. These estimates indicate that a porti
of the total cross section for heavy nuclei, growing withA,
results in final states with fewer than two protons. Such a
may be attributable to the greater neutron excess for la
nuclei as well as the larger nuclear volume for those nuc

The importance of quasideuteron absorption relative
other pion absorption mechanisms decreases withA. The ef-
fective number of quasideuterons for a given nucleus
mains roughly constant within the energy range studied h
The effective number of quasideuterons increases only b
factor of about 2 from6Li to 208Pb, a much smaller increas
than a combinatorial estimate would suggest. The energy
pendence of this component of the pion absorption mec
nism still retains the shape of the fundamentalp1d→pp
process.
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@12# T. Alteholz, D. Androić, G. Backenstoss, D. Bosnar, H
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Breuer, A. Brković, H. Döbbeling, T. Dooling, M. Furic´, P. A.
M. Gram, N. K. Gregory, A. Hoffart, C. H. Q. Ingram, A
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